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Introduction
Prototyping is the pivotal activity that structures innovation, collaboration, and creativity in design (Hartmann & Klemmer 2006) . Repeated, efficient, and extensive use of prototypes can make a difference in the successful entry of new products into a competitive global market (Zorriassatine et al. 2003) . In broad terms, prototypes can be classed into physical or virtual forms. They are created to finalise aesthetics and ergonomics, as well as to test, evaluate and validate the functional and technical aspects of the design (Pei et al, 2010) . In a conventional approach, physical prototyping plays a very important role in New Product Development (NPD). In particular, it supports a concurrent, time-oriented approach and supports collaboration in teams composed of people from different functions and backgrounds (Vandevelde et al. 2002) . In contrast, virtual prototyping is a relatively recent concept in design; and the term first being used in relation to virtual reality (Dai & Göbel, 1994) . The technology is a natural progression and an extension of Computer Aided Design techniques such as Finite Element Analysis. Due to its strength in reducing cycle time and cost, virtual prototyping has effectively replaced physical prototyping in several areas and will be used even more widely in the future (Huang & Chen 1999) . Despite this, Grimm (2005) argues that physical and virtual prototyping should not be seen as competitive but rather complementary technologies.
By understanding how physical and virtual prototyping technologies are used and how they interact with each other, there is a potential to develop tools that enable designers, engineers, manufacturers or other stakeholders in NPD to apply them concurrently in design, development and validation, thus achieving its maximum potential. The main challenge is to develop a prototyping method that can deliver instantaneous changes in both physical and virtual environments. In light of this, the aim of this research is develop a tool that can achieve real-time integration both prototypes through automation. The paper begins by reviewing the benefits and pitfalls of physical and virtual prototyping. It goes on to describe related work, following which results of a questionnaire survey and pilot trial are presented to specify what the tool should incorporate. Finally, the paper draws some conclusions and presents future research directions.
Physical and Virtual Prototypes
In the context of NPD, physical prototypes provide both tactile and visual evaluation of aspects including form, feel, surface finish, and so on. As most products incorporate some form of human interaction, this tactile advantage should be seen as highly desirable, particularly when interacting with customers (Campbell et al 2007) . In contrast, virtual prototyping is most often used when physical prototyping application are impractical, impossible or inefficient (Grimm 2005) . Virtual prototyping allows the product to be replicated and tested in a digital environment and often within a CAD system to produce results. Examples of this include the testing of tensile strength, fluid dynamics, kinematic analysis and even visual evaluation. Virtual prototype has the key advantage of being faster (once the virtual prototype has been created), more cost effective and easier for modifying both prototype and test parameters. Hence, it becomes desirable to adopt both forms of technologies within NPD, since the strengths and advantages of one technology potentially addresses the weakness and limitations of the other. Gibson et. al (2005) proposed that physical and virtual prototyping are valuable techniques that can join together to form a more powerful tool for rapid development of complex products. This leads to a need for some form of integration between physical and virtual prototyping. As stated by Jain (2005) , the integration of physical and virtual prototypes should yield shorter development cycles, fewer late-stage errors, and a higher return of investment.
For this study, "real-time integration of physical and virtual prototypes" shall refer to the synchronised changes that occur in both physical and virtual forms of prototyping. It is hoped that through a real-time integration, the benefits of these two forms of prototyping activities can be best used when needed so as to reduce time and cost.
Related Work
Previous research concerning the integration of physical and virtual models include those by Bruns (1998) who proposed the concept of a Graspable User Interface that could combine physical objects in a virtual environment. The system requires the use of a "data glove" when picking and moving physical objects. The movements are then tracked and replicated within a virtual environment containing virtual copies of the real-world object. This system allows users to transfer changes that take place in the physical world into a virtual environment, for instance making it possible for a circuit designer to build circuits in reality and in a virtual environment at the same time ( Figure 1) . However, the drawback is that this system was not able to alter the shape of the objects and could only assemble pre-defined objects. Therefore, the application of the system would be limited to later stages of NPD.
In a physical environment In a virtual environment Figure 1 . Building circuits simultaneously in both environments (Bruns 1998) Campbell (2003) further proposed an approach that would enable the simultaneous creation and modification of two analogous prototypes -one virtual and one physical. This would be achieved through real-time sharing of data between two different prototyping media, as illustrated in Figure 2 . The approach was aimed at integrating both virtual and physical prototypes to facilitate greater user involvement in NPD. In the framework, both forms of prototypes are able to seamlessly cross over, replicate and undertake modifications when required.
Figure 2. Integrating physical and virtual prototypes (Campbell 2003) Parallel to Campbell's approach, Anderl et. al (2006) developed a tool known as parametric prototyping to achieve integration for equation-driven (parametric) and physical shape representation so as to optimise styling and design. They defined the parametric prototyping as a set-up of physical mockups and virtual models that are linked by an interface. The system comprises of a physical mock-up that is divided into several sections and each part is linked with a corresponding component in the digital space that is connected 
Physical
Virtual through a computer interface. Changes to the virtual part can be relayed to the physical component by means of electrical, mechanical and control mechanisms. Similarly, changes to the physical part can be transmitted to the corresponding part in the virtual space. Compared to other integration technologies, the most important advantage of this system is its achievement of bi-directional conversion. However, the purpose of this system is still limited; restricted to only the outer-styling of components and the changes were limited to the motion of the parametric parts in horizontal and vertical directions. In addition, the virtual model is incomplete and does not simulate the material properties, colour, texture and environment that are essential in NPD. As for the physical prototype, it cannot be used with product users to test aspects such as ergonomics and usability. Despite all of its limitations, the development of this tool meets the requirements of real-time integration between physical and virtual prototypes, such as data transfer between a virtual system and a physical component, and the bidirectional conversion of shape and size changes. In light of this, the next section discusses the questionnaire survey to elicit feedback from industry on the use of physical and virtual prototypes.
Questionnaire Survey and Initial User Trials
To better understand the use of physical and virtual prototypes in NPD, the authors undertook a questionnaire survey involving sixteen design consultancies and companies in the UK. The findings showed that around half of the respondents claimed they required the need for real-time integration of these two forms of prototyping. However, the practice of simultaneous use of physical and virtual prototype was seen as being in its infancy without any suitable or effective methods to integrate both forms in real-time.
Taking a step further, a simple trial was set up involving eight participants from a product design background to evaluate how the integration of physical and virtual prototypes could help them in NPD. The participants were designers and engineers working in companies, consultancies or academic institutions. For this trial, the participant was asked to test the backrest angle of a chair. When changes were manually made to the backrest angle, the CAD model of the chair in a digital space also changed (Figure 3) . From the experiment, the user was able to see how the profile of the chair had been altered when the angle of the backrest was changed (Figure 4) . The results showed that the simultaneous representation of changes to physical and virtual prototype was more helpful for evaluating their design. More importantly, because both models could be adjusted, no further prototypes were required to be built, thus saving cost and time to some extent. The outcomes of the two preliminary investigations showed that there was both potential need with benefits of having an integrated approach to physical and virtual prototyping for NPD. 
Automated Prototypes and Trials
Based on the theoretical knowledge gained from literature and findings from the survey and pilot study, it was decided to develop a more comprehensive system that would better integrate both prototype methods. As the infrastructure for the chair prototype was already in place, a decision was made to improve the structure of the test rig which would now comprise aspects of its height, as well as the angle of backrest. The height of the chair and angle of the backrest could be both adjusted by the user pressing relevant switches connected to two independent electric motors. A virtual model, was rebuilt using the Rhino CAD package that would simulate the aesthetical aspects of the chair. The digital model was linked to the physical interface by means of using the 'control points' feature embodied in Rhino.
In order to build the 'integrated link' between both prototypes, a standard computer mouse was used. The two sensors of the computer mouse were connected to the physical model whereby the horizontal sensor tracked the movement of the backrest in the horizontal direction, while the vertical sensor would track physical changes to the height of the seat. The movement of the physical model was transferred to the computer via the USB interface of the mouse; and its electrical signal was also used to move 'control points' in the virtual CAD model ( Figure 5 ). Taking several measurements and comparing with the virtual model, the dimensional accuracy was determined as being within a 15% margin of error. Figure 6 shows how the experiment took place. The participant was asked to sit on the chair and had the option of adjusting the height and the angle of backrest using the two switches. The designer was positioned in front of the computer and could instruct the user during the experiment. At the same time, the virtual CAD model was projected onto the screen to give the user a full view of the virtual model, allowing the participant to see changes simultaneously. In total, eight pairs of participants (a user and designer) were involved in the trial. To fully compare the proposed method with a traditional product testing approach (where the physical and virtual models are tested separately), the whole experiment was divided into two stages. In the "disconnected" stage, the participants were asked to undergo the trial when the physical and CAD models were disconnected. At this stage, the user was asked to adjust the chair height and seatback angle to comfortable positions. After this, the designer measured the changes with a ruler and goniometer and had to manually input the data into the CAD model to update it. On average, the "disconnected" process took about seven minutes to complete. Next, for the "connected" stage, the user was asked to follow the same process, with the exception that now the CAD model would be automatically updated while the real chair was being adjusted. This process took about three and half minutes, on average, to complete. For this experiment, the key limitation was that the physical prototype was not able to be adjusted from the CAD model.
All participants were asked to complete a questionnaire to elicit feedback from the trials. The aim was to evaluate their satisfaction with the system. Two sets of questionnaires were developed and the questions for users and designers were different. The users' set of questions were concerned more about the system's usability and whether it would allow them to understand the design better. In contrast, the designers' set centred more on the efficiency of the tool as compared to having two distinct methods of prototyping. The findings showed that the majority of both sets of respondents felt that the system was easy to operate and that they were generally satisfied with the process of the trial. However, some of them commented that the physical prototype could be better built for greater accuracy and reliability. Other participants commented that the system would be most useful for designers, but were also concerned about the amount of time and effort required to build both prototypes. Most importantly, the respondents commented that the system was an excellent and novel way to simultaneously test the properties of both physical and virtual prototypes, allowing instantaneous changes to be seen. The secondary purpose of this trial was also to identify potential problems within the system and testing showed that most problems were technical. For instance, the structure of the physical mock-up was not robust enough and resulted in lack of accuracy.
Specifications for Building Integrated Physical and Virtual Prototypes
In order for real-time integration of physical and virtual prototypes to be fully realised, it became important to develop a framework that would define this concept. The framework should meet the following basic requirements:
i) It should be suitable for products with a range of sizes and complexity whilst recognising that not all products are suited to the approach.
ii) It should transfer all possible changes of the physical prototype to the virtual prototype, including the variation of linear dimensions and the modification of free form shape.
iii) The level of automation in physical prototyping should be improved to further reduce the time.
There are some technologies that could be employed to meet these requirements. Motion capture technology has the potential to overcome the multi-dimensional problem. Widely used in the film industry, this technology can transfer movements of actors in the stage set to the computer. This is done by placing "markers" at key locations being worn by the actor, usually at movable joints and then using this to deduce the movement of the person. For the small sized product, a "data glove" could be a key enabling device for such an application. Wearing this glove and holding the prototype, the user could move their fingers in relation to the prototype, which could then be transferred to the virtual model instantaneously. This novel method offers the capability to test hand-held devices, as well as larger products such as furniture. In addition, the use of automation can improve the overall system.
When the related technologies are successfully embodied and the integration approach is further developed to meet all of the above requirements, it could become a generic decision support tool for a range of different types of product evaluation. Generally speaking, applying this integration approach will always involve the following steps:
1. Select aspects of the product need to be evaluated 2. Decide which are to be evaluated physically or virtually 3. Build adjustable physical and virtual prototypes 4. Link the physical and virtual prototype with appropriate sensors 5. Calibrate the physical and virtual prototypes so that they move in line 6. Ensure that both are presented in a similar scale / aspect ratio 7. Follow a detailed testing protocol 8. Obtain feedback 6.1 Case Study -Design of a Motorbike
As a form of transport, the motorcycle follows strongly the concerns of style as well as ergonomics. Here, it is chosen as an example to indicate the validity of the wider potential application of the generic prototyping integration tool. Each of the eight steps for implementation is described in the sections below. 6.1.1 Product Aspects to be Evaluated
Motorcycle manufactures aim to develop motorcycles with distinctive looks, sound, ride and performance. This indicates that the style, ergonomics, as well as engineering issues, are critical concerns for motorcycle design and manufacturing. All of these elements should be evaluated in the development of the motorcycle.
Select Aspects to be Evaluated Physically or Virtually
Physical prototypes usually have the advantage in ergonomic issues, while virtual prototypes have more benefits in testing aesthetics and predicting performance. In this case, the foot rest position, seat height and handle bar position, which attract more attention from an ergonomics perspective, could be evaluated physically. While the styling and the paint colour, could be evaluated virtually. Performance aspects such as aerodynamics and acceleration could also be evaluated using virtual prototypes.
Building the Physical and Virtual Prototypes
The physical prototype should be built from standard parts and the elements to be evaluated, should be adjustable. The virtual prototype should be built with mainly aesthetic factors in mind, such as texture and the paint colour.
Linking the Prototypes with Appropriate Sensor Technologies
When the physical and virtual prototypes have been constructed and modelled, the next step is to link them with appropriate sensor technologies. For the seat height, handle bar and foot rest position, the movements would generally be linear and sensors similar to those from a mechanical computer mouse could be used. For the seat cushion which will have shape deformation, haptic technology could be considered as a possible solution.
Calibrating the Physical and Virtual Prototypes
It is likely that each element of the prototype would need to be tested and calibrated separately. Finally, the whole system can then be tested to verify if there are any issues in conflict.
Selecting the Method of Presentation
The testing of prototypes could take place in a controlled area whereby the physical prototype could be located in front of screen. This set up would be similar to the simulators being developed by the Human-Motorcycle Interaction research unit at the University of Nottingham (Stedmon 2010) where it could also show the product in a realistic (driving) environment.
Finalising the Test Protocol
When the system has been correctly calibrated and a testing environment put in place, the validation can start by following a protocol. It should contain a list of components that will be tested; and how to operate the prototypes. At the same time, the documentation should also provide recommendations on how to operate the recording devices. A questionnaire or interview for feedback should also be designed at this stage.
Obtaining Feedback from the Participants
After completing the evaluation, feedback should been collected by either a questionnaire or a face-to-face interview, or if possible, by both means. The outcome of the feedback will then be used for the next development of the motorcycle design.
Conclusions and future work
In conclusion, real-time integration of physical and virtual prototypes has shown to be a novel way of improving the evaluation of products within the context of NPD. This system considers three key aspects: firstly, it makes the best use of the advantages of both physical and virtual prototypes; secondly, it is compatible with most 3D modelling software that is commonly used in NPD; thirdly, it should improve the evaluation process, thereby reducing time and the need for additional prototypes. The user trials with an integrated virtual/physical prototype of a chair showed that both consumers and designers found the method to be advantageous. The consumers felt that they could understand the product better and have greater involvement in modifying the design. At the same time, the designers felt that they were able to change the design seamlessly according to customer feedback without the need for a new prototypes to be constructed, reducing time and cost. However, some criticisms include the reliability of the physical prototype; and the need to fully demonstrate an integrated system for real-time industrial design development.
A more generic approach to implementing the method has been presented and illustrated using the example of motorcycle design. A key consideration is selecting suitable sensor devices to connect the physical and virtual prototypes. While the mechanical computer mouse was able connect both prototypes and achieve a simultaneous update, the drawback was in its accuracy, with more precise measurement being required. A promising alternative would be to use motion capture devices.
